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ABSTRACT
The requirements of passive security, notably in the transport industry, impose to maximize the dissipation of the energy and to minimize the decelerations undergone by a vehicle and thus passengers due to violent shocks (crash). This paper aims at establishing efficient expected answers towards the preoccupations mainly emanating from transport industry. Currently, the behaviour laws implemented in the dynamic explicit schemes (RADIOSS, PAM-CRASH and LS-DYNA) do not integrate sufficiently the physical aspects in the material degradation, mainly the damage process, their kinetics, the variability and especially the heterogeneity of the composite materials microstructure. This paper deals with the development of a multi-scale predictive model coupling specific experimental methodologies and the micromechanical formulation of damage mechanisms in ordre to build constitutive laws for discontinuous fibre reinforced composites materials. The developed micromechanical modelling is based on an experimental methodology conducted over a range of strain rates from quasi static to 250 s -1 . The latter has enabled identifying local probabilistic damage criterion formulated through the Weibull' s statistical integrating the strain rate effect and describing the progressive interfacial debonding under rapid loading. The developed model has been validated to predict the stiffness reduction and the overall elastic viscodamage behaviour for SMC composite material. The model simulations agree well with high speed tensile tests and confirm that the damage threshold and kinetic in the SMC are mainly strain rate sensitive.
KEYWORDS:
A. Short-fibre composites; B. Interface; C. Damage mechanics; D. High strain rate tensile test. A better understanding of the physical mechanisms of material progressive degradation may contribute to a better formulation of local criteria and then, a better modelling of their effects on the overall dynamic behaviour. With this in mind, in a first time, a multi-scales (macroscopic and microscopic) experimental analysis has been performed on the studied material when subjected to high-speed tensile tests [3, 11] . The main purpose of the developed methodology was to set up a micromechanical model. Three steps have been conducted. Firstly, the quantification of the strain rate effects on the overall behaviour in terms of elastic properties, damage and ultimate characteristics. Secondly, the investigation of the local physical mechanisms involving damage initiation and growth. Thirdly, the use of the experimental results to identify the damage criteria parameter and prediction of the damage evolution.
Introduction
In the first part of this paper, the experimental approach and results are briefly presented, [3, 11] . The second part of this paper is devoted to the formulation of a multi-scales aimed at predicting constitutive law of a discontinuous randomly oriented fibre reinforced polyester, noted hereafter SMC-R26. The non-linear damaged behaviour has been formulated through for high-speed loading on the basis of a homogenization technique using the Mori and Tanaka schema coupled to a statistical Weibull approach [6, 15] . The developed micromechanical modelling relies upon an experimental methodology performed according to an incremental operating strategy. The damage aspect of the SMC mechanical behaviour is introduced then, on a local scale, through a local probabilistic failure criterion subsequently considered in accordance with the Weibull' s statistical function to describe the varying probability of damage [5, 6] .
Material description
The Moreover, the studied composite microstructure is strongly heterogeneous because of strong local variations of the fibres weight content. Microscopic observations, using scanning electronic microscope, have been performed to investigate the material microstructure and to assess the random fibres orientation. Specimen cartography is then carried out using image analysis to quantify and characterize, at the microscopic scale, the bundles distribution. The fibre orientations are identified by means of SEM micrographs observations performed upon polished surfaces of the specimen. This investigation yields to a quantitative evaluation in estimating fibres orientations (θ i ), weight content (f i ) and aspect ratio (length/diameter), [3, 14 and 15].
Mechanical behaviour modelling
The multi-scale models use homogenization techniques to reconstitute the overall behaviour of a representative elementary volume (R.E.V) of a heterogeneous material from the properties of their constituents. In this work, the mean field theory proposed by Mori and
Tanaka model [7] was used. The considered formulation gives access (from the microstructure features and the stress (or the strain) applied in the R.E.V.), on the one hand, to the elasticity tensor of the composite and, on the other hand, to the average stress and average strain fields for each constituent; the reinforcement, the matrix and the interface between them.
Indeed, the overall composite behaviour is governed by the mechanical and geometric properties at the local scale. On the other hand, the damage of the composite material is integrated in the proposed model through a progressive density of micro cracks representing the occurring of damage phenomena whose proportion is function of the local stress states estimated for the different phases. Therefore, micro defects are introduced at each increment of the macroscopic stress (Σ REV ), and its density is thus evaluated through the calculation of an interface failure probability [5, 10 and 15] . Experimental studies have shown that, for this class of composites materials, the predominant damage mechanism is the fibre-matrix interface failure [3, 14] . The homogenization of the composite material containing fibre, matrix and micro-defects is then achieved through two successive stages ( Figure 1 ). The first one permits to calculate the rigidity tensor of the matrix containing the total micro-defects reached at the considered increment of calculation. Micro-defects are statistically introduced at the local scale through a probabilistic Weibull form fibre-matrix interface failure criterion.
The second stage of homogenization consists then in considering the reinforcement in the ACCEPTED MANUSCRIPT damaged matrix calculated at the first phase. The approach thus described permits to estimate the stiffness tensor reduction of the composite as a function of the applied rapid loading. The proposed model can be described therefore in three essential stages:
1) Prediction of the overall (3-D) material stiffness tensor, using the Mori and Tanaka mean field theory coupled to Eshelby's equivalent inclusion model. At this stage, the local stress tensor inside and around inclusions is estimated leading hence to the normal and the tangential component of the stress vector at the interface.
2) Introduction of a local failure criterion (Prediction and quantification of the interfacial cracks) and a damage law.
3) Modelling of the behaviour including the initial anisotropy due to the presence of the reinforcements and its evolution due to damage.
In the next section, the basic equations of the micromechanical model are recalled. These equations give the theoretical framework to estimate overall mechanical behaviour of the composite as well as the local stresses in the fibre-matrix interface. For the sake of completeness, the micromechanical model is briefly described here and more details are given in previous works of the present authors. For a comprehensive introduction to micromechanical and self-consistent models, please refer to the work of Tucker and Liang [18] . These authors have published an excellent review and evaluation of micromechanical stiffness predictions models for unidirectional short fibre composites. Moreover, the reader is also referred to the books by Mura [8] and Nemat-Nasser [19] and other related works [20, 21] . Using the Mori-Tanaka scheme, one predicts the overall three-dimensional effective stiffness tensor of fibrous composite material. Furthermore, average internal stress fields inside and outside fibres and into the matrix [22] and also the stress jump at the interface can be calculated. The reinforcement is assumed to be an ellipsoid inclusion and characterised by a known aspect ratio (length/diameter). The reinforcement inclusion are transformed to equivalent matrix through the application of an eigenstrain using the Eshelby tensor. This enables us to use the expression of the Eshelby tensor clarified by Mura [8] necessary to the determination of the rigidity tensor of the composite. A coupling between the main results expressed by Mori and Tanaka [7] , the methods of the equivalent inclusion of Eshelby [9] and the classic techniques of homogenization lead to the expression of the rigidity tensor of the composite (Eq. 1):
Where, f, represents the reinforcement volume fraction, <Q>, the average value of the 'pseudo-tensors' of localisation, Q i , defined for each reinforcement family as (Eq. 2) :
In these expressions, S i is the Eshelby tensor of the ith reinforcement family, which depends on the matrix mechanical characteristics and on the reinforcement geometry and orientation.
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C m and C i are respectively the stiffness of the matrix and of the ith reinforcement family.
These tensors are all expressed in the macroscopic principal axes of the composite plate.
The behaviour of the organic composite materials is generally an isotropic elastic behaviour or damageable elasto-plastic. For this material [5, 10] , the main source of non-linearity comes from the interface fibre-matrix damage. The matrix remains isotropic elastic. It is therefore necessary to calculate the stresses on all points of the interface. For a macroscopic stress, Σ, the tensor of the average stresses inside a fibre oriented in the θ i direction is given by the following equation (Eq. 3):
The interfacial stresses can be calculated while using the continuity condition of the normal stress across the interface. The normal and tangent stresses for each point of the interface, by it's normal ' n ' are gotten by simple projection of the stress tensor axes (Eq. 4), (Figure 2 ). 
Experimental approach and tests data
An experimental methodology devoted to the micro and macroscopic characterisation of damage and the overall mechanical behaviour of SMC-R26 subjected to high-speed loadings has been developed and optimized [3, 11 and 12] . The experimental procedure has been optimised in an attempt to isolate the inherent inertial disturbances attributed to the test system. The optimisation aims at minimizing the amplitude of measurement perturbations in order to give rise to homogeneous stress/strain fields and constant strain rate within the tested specimen. The developed approach has been applied at strain rates up to 200 s -1 . Experimental results obtained for high-speed tensile tests are summarized and reported in the Figure 3 . As expected, these results show a large strain rate sensitivity notably during the damage accumulation stages prior the macroscopic failure of the specimen. The strain-rate sensitivity arises through an increase of the damage characteristics in terms of damage threshold and ultimate stress level (failure). It must be pointed out that for the studied composites material (SMC-R26), the elastic stage of the stress-strain curve seems to be insensitive to the strainrate. Furthermore, the identification of the multi-scales model parameters requires an experimental analysis of the damage evolution at the microscopic scale of the material.
Interrupted rapid tensile tests, originally proposed by Lataillade [13] , have been numerically optimized [11] and then performed according to an incremental operating strategy. These tests are analysed at the two material scales: At the macroscopic scale, enabling hence the characterisation of the stages of the dynamic behaviour and the progressive stiffness reduction of the SMC-R26. The second scale is the microscopic scale using a SEM for microscopic observations and analysis. The evolution of a microscopic damage parameter, d micro , (Figure   4 -a), defined as the percentage of fibres whose the interface are debonded increasing thus the microdefects density. This damage mechanism is then experimentally quantified by micrographic analysis and correlated to a macroscopic damage parameter D macro , (Figure 4-b) through the developed micromechanical model. The D macro is defined using the well-known damage mechanics theory [16, 17] and expressed such as (Eq. 5):
0 and E D , are respectively the Young's modulus of virgin and damaged material. The latter is estimated at the elastic unloading when interrupting the tensile test. This permits obtaining, for each strain rate, the evolution of the material degradation (expressed as a stiffness reduction) as a function of the strain level (Figure 4-b) . It should be noted here that for the studied range of strain rates, the performed rapid tensile tests showed, on the one hand, that the behaviour of the material is bilinear. On the other hand that, independently of the strain rate, the main damage phenomenon remains the fibre-matrix interface failure (for more details, please see [11 and 14] ). One can observe in Figures 3 and 4 -b, that the interfacial damage threshold is more delayed with the increase of the strain-rate. In addition, for the elastic stage of the overall response, one notices that the limit of elasticity increases with the strain rate. Otherwise, one can note (Figure 4-a) that the interfacial damage rate is less important when the loading speed increases. One can conclude therefore that the behaviour of the material is mainly governed by the damage viscosity [15] , see also [11, 14] for a complete description of the strain rate effects on the interface failure evolution. 
Damage and failure criterion
In order to integrate and understand the damage effects on the macroscopic behaviour, a local interfacial failure criterion is statically introduced, at the reinforcements scale, in the Mori and Tanaka model. The interface failure being produced by a combination of the local normal and the local shear stresses, the loading state is calculated for each point of the interface. An elliptic failure criterion is then introduced. The approach being statistical [5, 6 and 15] , the probability to get an interfacial rupture is calculated for each point of the interface, and for each family of orientation by the following expression (Eq. 6):
Where σ and τ are respectively the normal and shear stresses, in the considered point, of the interface. (σ 0 , τ 0 ) correspond to the resistance of the fiber-matrix interface. (m) is the damage parameter discribing statically the damage kinetic of the interface (Figure 4-a) . The parameters (σ 0 , τ 0 , m) are function of the strain rate ( Figure 6 ). The values of these parameters are identified for every strain rate by an inverse method using extensively the experimental results described in the previous paragraph. Once the interface failure probability for each orientation family is calculated. The damage of the composite material is integrated through the introduction of a density of heterogeneities having a null stiffness tensor simulating the micro cracks presence due to the interfacial damage. Their geometry is ellipsoidal with a dimension following a main axis is the order of 2 to 3µ (corresponding to the average opening of the cracks observed in the MEB). The quantities of introduced micro cracks at each increment of stress are directly related to interface failure probabilities calculated for each family of orientation. The quantities of micro cracks are then evaluated for each increment of the macroscopic stress (Σ VER ). Besides, the fibres weight content is estimated at the end of the step calculation. Thus, when an inclusion having a given orientation is partially damaged (debonded), the orientation family according this angle will be considered for the next steps as a reinforcement family with a less important fibre volume fraction ( Figure 5 ). The homogenization of the composite material containing fibre, matrix and micro defects is then achieved in two successive stages as described previously in above. 
Identification -results and discussion
The first stage consists in the identification of the local failure criterion parameters of the fibre-matrix interface. The latter is conducted using an inverse method. Indeed, for a known, σ 0 , τ 0 , m, parameter, the model can predict the evolution of the densities, d micro , of cracks created at the fiber-matrix interface according to the imposed strain [15] . The defects density has been measured directly on the composite micrographs successively loaded according to interrupted tests methodology (see Figure 4 -a). For each studied strain rate, a set of parameters ( Figure 6 ) is identified on the basis of the experimental results through a leastsquare minimization using a Levenberg -Marquardt algorithm [23, 24] . On the Figure 7 , is given an example of the identification result. Once the criterion identified as a function of the strain rate, the modelling procedure, described in the previous paragraphs, enables simulating the stress-strain curves for different strain rates [15] . The Figure 8 shows simulated stress-strain curves compared to those obtained experimentally for two different strain rates. One can note a good correlation between them for different strain rates. The model identified at the microscopic scale is validated at the macroscopic scale for tensile tests. The developed multi scale model allows predicting 3-D stiffness reduction brought about by the high-speed loading achieved at different crosshead velocities ( Figure 9 ). Furthermore, the micromechanical model is used as a "virtual multi-axial testing" to determine a macroscopic damage criterion evolution for a SMC composite subjected to different 3-D loading paths:
proportional and non proportional. A macroscopic three dimensional viscodamage law for an anisotropic material is established taking into account the anisotropy evolution due to the multiaxial loading. The determination of the macroscopic criterion relies hence upon experimental data obtained with only a tensile test analysed at a microscale. 
Conclusions and perspectives
The experimental approach has allowed establishing for the SMC-R26 composite that the effect of the strain rate conditions mainly the threshold and the kinetics of deterioration notably to the level of the fibre-matrix interface. In other words, the interface decohesion is mainly sensitive to the strain rate. This damage mode would lead then to an elastic viscodamageable behaviour for this typical composite material. These experimental observations were helpful guidelines for the developed modelling. Indeed, the effect of the strain rate on the interface failure is achieved through the proposition of a statistical local criterion sensitive to the strain rate in term of threshold and kinetic. The identification is achieved on a local scale and the model is validated on a macroscopic scale based on the rapid traction results [15] . Thus, the work presented in this article is an evolution toward a dynamic version of models developed in static on these materials. The gotten results are in very good adequacy with the experience.
The present work constitutes a contribution to the prediction of the macroscopic behaviour of discontinuous fibre composite subject to dynamic loading. Actually, these approaches may be helpful to setup behaviour data, which are used in the dynamic FE codes. It will be able to be introduced as law user or to identify a macroscopic constitutive law. Furthermore, the micromechanical model is able to describe directional stiffness degradation under general loading path. The proposed multi-scale model would be applied as an inverse approach for optimising the material microstructure of composite choc components on the basis of design requirements. 
